We assessed environmental gradients and the extent to which they induced concordant patterns of taxonomic composition among benthic macroinvertebrate, riparian bird, sedimentary diatom, fish, and pelagic zooplankton assemblages in 186 northeastern U.S.A. lakes. Human population density showed a close correspondence to this region's dominant environmental gradient. This reflected the constraints imposed by climate and geomorphology on land use and, in turn, the effects of land use on the environment (e.g., increasing lake productivity). For the region as a whole, concordance was highest among assemblages whose taxa were relatively similar in body size. The larger-bodied assemblages (benthos, birds, fish) were correlated most strongly with factors of broader scale (climate, forest composition) than the diatoms and zooplankton (pH, lake depth). Assemblage concordance showed little or no relationship to body size when upland and lowland subregions were examined separately. This was presumably because differences in the scales at which each assemblage integrated the environment were obscured more locally. The largerbodied assemblages showed stronger associations with land use than the diatoms and zooplankton. This occurred, in part, because they responded more strongly to broad-scale, nonanthropogenic factors that also affected land use. We argue, however, that the larger-bodied assemblages have also been more severely affected by human activities.
Introduction
Studies in community ecology often focus on one taxonomically restricted assemblage of organisms (e.g., fish, diatoms, or birds), interspecific interactions among members of the assemblage, and environmental gradients to which the assemblage responds (Jackson and Harvey 1993) . This approach limits the scope of interpretation to restricted taxonomic groups. It also ignores the fact that disparate taxa may interact in ways that affect ecosystem processes (Carpenter and Cottingham 1997) . The concordance among different assemblages at the same locations may yield new insights by highlighting similarities and differences in how different kinds of organisms respond to the environment. For example, Jackson and Harvey (1993) observed pronounced differences in the environmental gradients integrated by fish and benthic macroinvertebrates in 40 lakes of south-central Ontario. However, taxonomic composition patterns for the two assemblages were significantly correlated, suggesting biological interactions among the two groups.
The simultaneous consideration of diverse taxa provides a more complete view of human effects on ecosystems because human activities alter the environment in multiple ways at diverse scales (Carpenter and Cottingham 1997) . Anthropogenic factors affecting lake biota of the northeastern United States include industrial air pollution , land use , and introductions of nonnative species (Stemberger 1995; Whittier et al. 1995 Whittier et al. , 1997 Whittier and Kincaid 1999) .
Taxa may be differentially affected by human activity to the extent that they respond to different environmental features. Croonquist and Brooks (1991) reported that birds were more sensitive than mammals to human-induced disturbance of riparian wetland areas in a Pennsylvania watershed, perhaps because the birds were more responsive to changes in vegetation structure. Lammert and Allan (1999) observed that stream fish were more sensitive than macroinvertebrates to land use in three tributaries of a river in southeastern Michigan. found that associations of taxonomic richness with land use varied from positive to negative for disparate assemblages in 186 northeastern U.S.A. lakes, reflecting differences in the anthropogenic factors integrated by each assemblage.
The objective of this study was to identify similarities and differences in the environmental gradients integrated by benthic macroinvertebrates, riparian birds, sedimentary diatoms, fish, and pelagic zooplankton in 186 northeastern U.S.A. lakes. To do so, we used ordination, a technique that identifies the dominant environmental gradients for an assemblage by ordering sites so as to maximize between-site differences in taxonomic composition (ter Braak 1987a) . We assessed the extent to which different assemblages were influenced by similar factors (i.e., concordant) by separately ordinating data for each assemblage and then comparing how the same sites were ordered in the different ordinations. This work follows an evaluation of taxonomic richness concordance for these same assemblages and lakes .
Methods

Sampling design and data collection
The data were collected between 1991 and 1995 from 186 northeastern U.S.A. lakes by the U.S. Environmental Protection Agency's Environmental Monitoring and Assessment Program (EMAP, Paulsen and Linthurst 1994) . The lakes were randomly selected using a probability design to be representative of regional conditions (Larsen et al. 1994) . The number of lakes analyzed ranged from 127 for the benthos to 186 for the birds; 114 of these lakes had data for all five assemblages. We analyzed assemblage and habitat data collected during a single visit to each lake. Many of these data are available at the EMAP website (http://www. epa.gov/emap/html/dataI/surfwatr/data/nelakes).
A field ornithologist recorded all aquatic and terrestrial birds seen or heard within a 100-m radius during 5-min point counts (Baker et al. 1997) . Counts were conducted a minimum of 200 m apart by canoeing a transect 10 m from and parallel to the lakeshore beginning just after sunrise. The bird data were collected between late May and early July, whereas most other data were collected in July and August. Benthic macroinvertebrates were collected by corer from sublittoral sediments at 10 evenly spaced locations along the lake perimeter. We analyzed annelid worms and chironomid midges identified to genus but not other taxa because they were collected infrequently and identified to a coarser and more variable taxonomic resolution. Surficial sediment diatoms were collected by corer at the deepest portion of the lake and identified to the lowest taxonomic resolution (usually species or lower). Fish were collected using gill nets, trap nets, minnow traps, and beach seines to obtain a sample representative of the entire lake. We analyzed native and nonnative fish species, excluding those maintained only by stocking. Zooplankton were collected using a single vertical net tow in the deepest portion of the lake. We analyzed standardized abundance data (individuals per litre) for crustacean and rotifer species. Methods used to process the biological samples are summarized in .
We selected 35 environmental variables for analysis (Table 1 ) based on results of previous EMAP investigations (e.g., Stemberger and Lazorchak 1994; Whittier et al. 1997; Dixit et al. 1999) . These variables characterized the lake (morphology, water quality, riparian -littoral zone structure), its watershed, and the surrounding landscape. Data on lake water quality and riparian -littoral zone structure were collected by EMAP (Baker et al. 1997) . We obtained data from a variety of sources to estimate the proportions of each watershed in various land uses (land useland cover classification (LULC), Anderson et al. 1976) and to estimate human population density, road density (U.S. Bureau of Census 1990), and point-source pollution density (Abramovitz et al. 1990 ) for each watershed. Landscape compositional measures derived from AVHRR satellite imagery and the Digital Chart of the World were spatially registered to a 640-km 2 grid of hexagons whose centers were 27 km apart (O'Connor et al. 1996) . A seasonal climatic index (seasonality, difference between July and January mean temperatures) derived from the Historical Climate Database was also registered to this hexagon grid. Values for these landscape compositional and climatic measures were assigned as attributes to lakes present in each hexagon. The hexagon data classified lands somewhat differently than LULC and at a coarser resolution. Environmental variables were transformed as necessary to normalize their distributions prior to analysis.
Statistical approach
Characterizing environmental gradients
We performed a principal components analysis (PCA) on the correlation matrix derived from the 35 environmental variables to characterize environmental gradients for the region's lakes and watersheds and to quantify covariation among anthropogenic and nonanthropogenic variables. PCA axis scores were correlated with the 35 variables from which they were derived to aid in interpretation (Table 1) .
Relating assemblage data to environmental data
We constrained variation in the assemblage data to linear combinations of environmental variables using canonical correspondence analysis (CCA) in CANOCO 3.10 (ter Braak 1987b), thereby directly associating taxonomic composition with multivariate environmental gradients (ter Braak 1987a) . CCA assumes that taxa show unimodal responses to the defined environmental gradients, but the technique is robust to departures from this assumption. Rare taxa were down-weighted to reduce their influence in the ordination. Abundances for all assemblages were transformed (log e (y + 1)) prior to CCA.
In order to assess the relative strengths of assemblage associa- Baker et al. (1997) .
c O'Connor et al. (1996) . d Anderson et al. (1976) . e Abramovitz et al. (1990) . Table 1 . Correlations (r) of the first two principal component axes with the 35 environmental variables from which they were derived, along with minimums, medians, and maximums of the 35 variables in their original units.
(iv) like (ii), after removing effects attributable to the LUIs (Borcard et al. 1992) . For steps (iii) and (iv), CCA analyzed the assemblage-environment variation left unaccounted for by the set of predictors whose effects were removed using multiple linear regression (ter Braak 1987b). The relative strengths of assemblage associations with the LUIs and OTHERs were determined using the approach of Borcard et al. (1992) (discussed below) based on results of these four CCAs.
To be chosen in the forward selection procedures, variables had to pass at a type I error probability (P value, determined using a 999-trial Monte Carlo test) that was readjusted at each step using the Holm correction for multiple comparisons (Holm 1979) . The Holm criterion helped ensure that the probability of erroneously including one or more environmental variables in the CCA model was ≤ 0.05. It also made variable selection more stringent for the OTHERs than the LUIs. For the 26 OTHERs, the first variable had to pass at a P value of 0.0019 (= 0.05/26). If it was significant at that level, the second had to pass at 0.0020 (= 0.05/25), the third at 0.0021 (= 0.05/24), and so on. For the nine LUIs, the first variable had to pass at 0.0056 (= 0.05/9), the second at 0.0063 (= 0.05/8), and so on. Without the Holm correction, the partitioning of assemblage variation would be strongly biased towards the larger predictor set (in this case, the OTHERs) because of the multiple comparisons problem (D. Borcard, personal communication).
The total assemblage variation explained collectively by the LUIs and OTHERs was equal to the sum explained by steps (i) and (iv) or, equivalently, steps (ii) and (iii) from above (Borcard et al. 1992) . The explained variation was partitioned as follows: (a) assemblage variation that was wholly attributable to the LUIs (step (iii)), (b) assemblage variation that was wholly attributable to the OTHERs (step (iv)), and (c) assemblage variation that was shared among covarying LUIs and OTHERs (step (i) minus step (iii) or, equivalently, step (ii) minus step (iv)). We expected the LUIs and OTHERs to be interrelated because land use is affected by climate and geomorphology (Omernik 1987) while affecting other aspects of the environment (e.g., increasing lake productivity). Variation partitioning allowed us to assess the extent to which assemblages were associated with covarying relationships among the two sets of predictors (Table 2) .
We also partitioned the assemblage variation among environmental and spatial components in order to determine the amount of spatial structure in taxonomic composition and its correlates (Borcard et al. 1992 ). Significant environmental predictors of taxonomic composition were identified for each assemblage matrix using forward variable selection in CCA, this time choosing from among all 35 variables in Table 1 . As before, significance was assessed using a 999-trial Monte Carlo test with a Holm-corrected P value. Significant spatial gradients in taxonomic composition were identified by selecting from among nine variables representing spatial location (x, y, x 2 , xy, y 2 , x 3 , x 2 y, xy 2 , and y 3 , where x and y are longitude and latitude coordinates for each lake) using identical techniques. Quadratic and cubic terms for the spatial coordinates and their interactions were analyzed to allow for the identification of nonlinear spatial gradients in taxonomic composition (Borcard et al. 1992 ). Significant environmental and spatial predictors were submitted to CCA to partition the assemblage variation among spatially structured and unstructured environmental variation and space alone using methods outlined above.
Assessing assemblage concordance
We assessed the concordance of the assemblages' dominant environmental gradients by determining correlations among site scores on the first CCA axes (CCA1) for models whose predictors were chosen from among all 35 variables in Table 1 . CCA1 site scores positioned each site along the gradient and were calculated as linear combinations of environmental variables. A high correlation among CCA1 site scores would indicate that a similar suite of variables was chosen for two CCA models and that the dominant environmental gradients were similar for the assemblage pair. Significance levels are not reported for these correlations because in instances where CCA models shared one or more environmental variables, the assumption of independence was violated. All lakes with available data were used in generating the CCA model for each assemblage to maximize statistical power (from a minimum of 127 lakes for the benthos to a maximum of 186 lakes for the birds). However, only CCA1 scores for the subset of 114 lakes with data for all five assemblages were used to assess assemblage concordance. Preliminary analyses indicated that results were similar whether all available data or data for the subset of 114 lakes were analyzed.
CCA variation component Variation wholly attributable to LUIs
Direct effects of land use on the biota (e.g., association of riparian birds with shoreline residential development because residential areas serve as habitat for some bird species) Effects of land use on the biota through its influence on OTHERs not analyzed (e.g., association of benthos with watershed agriculture as a result of unmeasured agricultural chemical introductions into lakes)
Variation wholly attributable to OTHERs Responses of the biota to aspects of the environment unrelated to land use (i.e., "natural" drivers to which humans are unresponsive)
Shared variation attributable to covarying LUIs and OTHERs Effects of land use on the biota through its effects on OTHERs (e.g., association of diatoms with covarying phosphorus and land use variables as a result of human-induced lake eutrophication) Responses of humans and the biota to OTHERs as a result of nonanthropogenic factors (e.g., association of riparian birds with covarying climatic and land use variables because climate influences bird distributions and land use)
Variation not attributable to LUIs or OTHERs (i.e., unexplained) Stochastic processes (e.g., immigration, extinction) Measurement errors Other factors not taken into account Table 2 . CCA variation components and their contributing factors: variation in assemblage composition wholly attributable to LUIs, wholly attributable to OTHERs, shared among both sets of predictors, and attributable to neither set of predictors.
We determined the concordance of the assemblages' dominant gradients in taxonomic composition by first subjecting data for each assemblage to detrended correspondence analysis (DCA) and then determined correlations among site scores on the first DCA axes (DCA1). In addition to characterizing gradients in taxonomic composition, DCA site scores constitute "latent" environmental gradients to which the assemblage responds that are inferred directly from the assemblage data (ter Braak 1987a). DCA ordinations were performed using all available data, but only DCA1 scores for the subset of 114 lakes with data for all five assemblages were used to assess concordance.
Geographic sets analyzed
The Northeast is heterogeneous with respect to broad-scale anthropogenic and nonanthropogenic factors (Omernik 1987 and results that follow). We analyzed the entire regional sample of lakes to assess the relative importance of broad-scale factors on the lake assemblages. To partition out the broadest-scale environmental heterogeneity and thus permit a better resolution of more local structuring agents, we also analyzed data for lakes in each of two ecoregions (111 upland lakes, 75 lowland lakes) (Fig. 1) .
Results
Environmental gradients
The first two principal component axes captured 40% of the variance (Table 1) , indicating considerable covariation among the 35 environmental variables. Environmental PC1 distinguished between relatively unproductive lakes at high elevations, in landscapes with few people, extensive conifer forests, and severe climate to the north and more productive lakes at lower elevations, in landscapes with greater human densities, deciduous forests, and milder climates to the south (Fig. 1a) . Scores on environmental PC1 differed significantly between the upland and lowland ecoregions (one-way ANOVA, P < 0.001). All nine LUIs were positively correlated with environmental PC1 (r ≥ 0.37) ( Table 1 ). Human population density and chloride showed the strongest correlations (r = 0.90 and 0.85, respectively). Variables whose values increase with lake trophic state (phosphorus, turbidity, chlorophyll a, nitrogen) were also positively correlated with environmental PC1 (r ≥ 0.48), as were the two deciduous forest measures (r = 0.52 and 0.47) and calcium (r = 0.51). This contrasted with negative correlations for other nonanthropogenic measures (seasonality, mixed-coniferous forest, elevation; r ≤ -0.44).
Environmental PC2 largely reflected lake morphology and related factors judging from its negative correlations with lake depth and area and its positive correlation with minimum temperature (r = -0.81, -0.38, and 0.66, respectively) (Table 1), i.e., smaller, shallower lakes are generally warmer. Correlations of environmental PC2 with the lake productivity indicators (phosphorus, turbidity, chlorophyll a, nitrogen; r ≥ 0.45), lakeshore wetland (r = 0.57), dissolved organic carbon (r = 0.75), and substrate size (r = -0.56) were also consistent with an influence of lake morphology because shallower lakes tend to have more extensive littoral zones, higher productivity, higher concentrations of dissolved organic carbon, and finer littoral sediment particle sizes. Aluminum tended to increase (r = 0.46) and pH tended to decrease (r = -0.41) with decreasing lake depth and increasing productivity on this gradient. Scores on environmental lakes. Circle size increases continuously with the magnitude of the score. PC1 reflects differences between the upland and lowland ecoregions with respect to climate, elevation, vegetation, soil, lake productivity, and human population density; PC2 reflects more local differences related to lake morphology, productivity, and acidity. Refer to Table 1 PC2 did not differ significantly between the two ecoregions (one-way ANOVA, P = 0.81) (Fig. 1b) .
Assemblage-environment associations
Significant LUIs were identified in all forward selection procedures except one, diatom assemblages in the lowlands (Table 3) , where the first LUI to enter the model (road density in the watershed; P = 0.0060) was just below the significance threshold required to meet the Holm criterion (P = 0.0056). Overall, human population density was the most important LUI, selected first nine out of 15 times. Significant OTHERs were identified in all 15 forward selection procedures (Table 3) , which are summarized as follows.
Benthic macroinvertebrates
Landscape deciduous forest, shoreline coniferous forest, and seasonality were the first variables to enter benthic macroinvertebrate models for lakes of the uplands, lowlands, (1996) . c Anderson et al. (1976) . d Baker et al. (1997) . e Abramovitz et al. (1990) . Table 3 . Environmental correlates of assemblage composition determined using forward variable selection in CCA (P ≤ 0.05, 999-trial Monte Carlo test, Holm-corrected P value) for lakes of the uplands (U), lowlands (L), and both (B) ecoregions combined (Fig. 1). and the entire region, respectively. The composition of benthic macroinvertebrates was thus most closely associated with forest type and climate. Subsequent variable additions indicated water quality influences (calcium, phosphorus).
Riparian birds
Chloride was selected first in all three riparian bird models. Subsequent variable additions included seasonality, landscape deciduous forest, lakeshore wetland, and calcium.
Sedimentary diatoms
pH and lake depth were identified as being the two most significant correlates of diatom composition for all three geographic sets. Subsequent variable additions indicated influences related to climate (seasonality) and ionic strength (calcium).
Fish
Seasonality was most important for the fish in two of the three models. Other variable additions indicated influences of lake morphology (area, depth) and water chemistry (calcium, sulfate).
Pelagic zooplankton
As with the diatoms, the zooplankton showed their strongest correlations with pH. Zooplankton composition was also correlated with factors related to lake trophic condition and morphology (turbidity, lake depth, minimum water temperature) and with chloride and seasonality.
Partitioning assemblage variation among predictors
The amount of assemblage variation explained collectively by the LUIs and the OTHERs in Table 3 ranged from 10 to 31%. The goal of CCA is to predict synoptic patterns of assemblage composition rather than distributions of individual taxa, so CCA models that explain low proportions of the total assemblage variation can be ecologically informative (ter Braak 1987a). For this study, we were most interested in the explained variation. Results that follow have therefore been expressed as proportions of the explained assemblage variation attributable to different sets of predictors.
Assemblage variation in some way attributable to land use (wholly LUI variation plus shared LUI-OTHER variation) was proportionally as great or greater for the benthos, birds, and fish as for the other assemblages regardless of the geographic set (Fig. 2a) . The larger-bodied assemblages thus showed a closer correspondence to land use than did the diatoms and zooplankton. The shared LUI-OTHER variation was consistently greater for the region as a whole than for either ecoregion, indicating that anthropogenic and nonanthropogenic correlates of taxonomic composition became more confounded at broader spatial extents.
Assemblage variation in some way attributable to space (wholly spatial plus shared environmental-spatial variation) was greater for the benthos, birds, and fish than for the other assemblages in the uplands and in the region as a whole (Fig. 2b) , a pattern largely attributable to the shared environmentalspatial components. The larger-bodied assemblages therefore demonstrated more spatial structure with respect to site-tosite variation in taxonomic composition. In the lowlands, the magnitudes of variation components showed no differences between the larger-and smaller-bodied assemblages. Table 1 ) and variables representing spatial location for the five assemblages in lakes of the uplands, lowlands, and both ecoregions combined (Fig. 1) . Spatial variables included longitude, latitude, and seven derived variables representing quadratic and cubic terms and their interactions. Significant predictors were independently chosen from among each of the four predictor sets (LUIs, OTHERs, environmental and spatial variables) using forward variable selection in CCA (P ≤ 0.05, 999-trial Monte Carlo test, Holm-corrected P value). Assemblage variation was partitioned among variables in CCA models using the approach of Borcard et al. (1992) .
Assemblage concordance
Comparisons among CCA1 site scores for models incorporating significant predictors of taxonomic composition (chosen from among all 35 variables in Table 1 ) are presented below the diagonals of scatterplot matrices for the five assemblages (Fig. 3) . The variables selected for these models tended to be subsets of those selected in Table 3 and are not presented.
For the region as a whole, as differences in body size increased, the concordance of the assemblages' dominant environmental gradients decreased (Fig. 3a, below diagonal) . For example, CCA1 site scores for the birds showed stronger correlations with those for the fish (r = 0.92) than with those for the benthic macroinvertebrates (r = 0.80), zooplankton (r = 0.42), or diatoms (r = 0.14). Correlations among DCA1 site scores tended to be lower than among CCA1 site scores, but concordance was still generally higher for assemblages whose taxa were more similar in body size (Fig. 3a, above  diagonal) . Assemblage concordance showed a weaker or nonexistent relationship to body size in the upland and lowland ecoregions (Figs. 3b and 3c, respectively) .
Discussion
Environmental gradients
The high correlation of human population density with Fig. 3 . Scatterplot matrices and Pearson correlations (r) among site scores on DCA1 (above the diagonal) and CCA1 (below the diagonal) for ordinations of data from (a) lakes throughout the region and from lakes restricted to the (b) upland and (c) lowland ecoregions (Fig. 1) . All available data were used to perform ordinations for each assemblage, but only scores for the 114 lakes with data for all five assemblages are presented here. Significance levels are reported for DCA1 correlations (one-tailed test) but not for CCA1 correlations because the assumption of independence was violated in instances where CCA models shared environmental variables. Environmental variables were selected for CCA models from among all 35 variables in Table 1 this region's dominant environmental gradient (environmental PC1) reflected the constraints imposed by climate and geomorphology on land use (Omernik 1987 ) and, in turn, the influence of land use on other aspects of the environment. The climate and soils of northern New England and the Adirondacks of northeastern New York are better suited to forestry than to agriculture and other intensive land uses. Private ownership of land in northern Maine by paper and timber companies and public ownership of land in the Adirondacks have served to limit human densities in these areas as compared with the rest of the region (Whittier et al. 1997) . Climatic and geomorphological influences on land use thus explain the close correspondence of land use measures to climate, forest composition, elevation, and calcium on environmental PC1. Land use has, in turn, introduced nutrients, chloride, and other chemicals into lakes of the Northeast , linking lakes to broader-scale human systems (Carpenter and Cottingham 1997) and increasing the correspondence between the LUIs and some of the OTHERs on environmental PC1. Chloride showed a close correspondence to human population density (r = 0.86) and environmental PC1 because human activities (e.g., road deicing) have increased lake chloride concentrations in the region . The lake productivity indicators showed a positive correlation with environmental PC1, in part because lakes to the south tended to be shallower, smaller, and more calcium rich on this gradient (Table 1) . Paleolimnological evidence indicates that anthropogenic lake eutrophication has also been a contributing factor because, in contrast eith other lakes of the region, the productivity of many urbanized lakes in the Northeast has increased since preindustrial times .
Superimposed on the regional environmental gradient were lake morphological effects, which induced local-scale differences between lakes with respect to trophic status, riparian -littoral zone structure, and acidity on environmental PC2. The lake productivity indicators generally showed stronger correlations with environmental PC2 than with environmental PC1 (Table 1 ), indicating that local effects of lake morphology were at least as important as regional factors in determining the trophic status of individual lakes.
Assemblage-environment associations
The selection of human population density as the most important LUI in most forward selection procedures likely reflected a combination of anthropogenic and nonanthropogenic factors. This is because human population density showed a close correspondence to this region's dominant environmental gradient as a result of both human effects on the environment and human responses to the environment. The failure to detect a significant association between lowland diatom composition and the LUIs may have been a type II error because diatom assemblages are sensitive to phosphorus, chloride, and other chemicals introduced into lakes by human activities . Alternatively, anthropogenic effects on lowland diatom assemblages may have been relatively homogeneous, offering little gradient for detection.
Selecting exclusively from among the OTHERs, the larger-bodied assemblages (benthos, birds, fish) generally showed their strongest associations with variables that exhibited broad-scale spatial structure on environmental PC1 (chloride, seasonality, forest composition). Chloride likely served as a surrogate for regional patterns of land use and their correlates in the three riparian bird models because (i) chloride was well correlated with human population density, the most important LUI for the birds, (ii) chloride showed a close correspondence to environmental PC1 as a result of land use, and (iii) the lakeshore bird assemblages comprised predominantly terrestrial passerines (-80% of all individuals surveyed), a group sensitive to fragmentation of forests by land use . The selection of seasonality as the first OTHER in the regional and upland fish models, followed by lake depth and water chemistry variables, is consistent with the hypothesis that climate and postglacial dispersal barriers dictate fish distributions at broad spatial scales but that lake morphology and water chemistry determine the species present in individual lakes (Jackson and Harvey 1989; Tonn 1990 ). In contrast, the diatoms and zooplankton showed their strongest correlations with OTHERs exhibiting local-scale variation on environmental PC2 (pH, lake depth). The sensitivity of diatom assemblages to the water chemistry is well documented (e.g., Dixit et al. 1999) . For a subset of the lakes analyzed here, Stemberger and Lazorchak (1994) identified not only abiotic factors as important determinants of zooplankton composition, but also fish trophic structural variables. The associations that we observed may therefore reflect a combination of direct environmental effects and environmentally mediated biotic effects, e.g., turbid waters offering zooplankton visual refuge from fish predation.
Partitioning assemblage variation among predictors
Environmental-spatial partitioning
For the region as a whole and, to a lesser extent, in the uplands, the proportions of assemblage variation attributable to the shared environmental-spatial components were greater for the larger-bodied assemblages than for the diatoms and zooplankton. These findings are consistent with the largerbodied assemblages being more strongly correlated with variables exhibiting broad-scale spatial structure on environmental PC1.
As much as a third of the explained assemblage variation was wholly attributable to space when partitioning assemblage variation among environmental and spatial predictors (Fig. 2b) . The environmental variables analyzed here therefore could not account for all spatially structured variation in taxonomic composition. The wholly spatial variation may reflect one or more of the following: responses of assemblages to unmeasured, spatially structured environmental variables, the effects of spatially mediated ecological processes (e.g., dispersal) on assemblage composition, or the effects of historical events such as glaciation on taxon distributions (Borcard et al. 1992) .
LUI-OTHER partitioning
The larger-bodied assemblages (benthos, birds, fish) showed a closer correspondence to land use than did the diatoms and zooplankton. Our results indicate that the dominant nonanthropogenic factors affecting land use and distributions of the larger-bodied taxa were similar (climate, geomorphology) and of broader scale than those most important to the diatoms and zooplankton (pH, lake depth). Hence, even if anthropogenic factors had no effect on the biota of this region, we would expect the larger-bodied assemblages to show a closer correspondence to land use.
We argue, however, that human activities have had greater and more direct effects on the larger-bodied assemblages examined, thereby contributing to their greater correspondence to land use. The terrestrial habitat use of riparian birds makes them responsive to incremental changes in land use locally (Croonquist and Brooks 1991) and regionally . Nonnative fish introductions, along with concomitant effects on the native piscifauna (e.g., extirpation of native minnows), have increased the correspondence between fish distributions and land use at broad spatial scales (Whittier et al. 1997) . These introductions affect other assemblages (e.g., zooplankton, Stemberger and Lazorchak 1994) , but the magnitudes of their effects are dependent on characteristics of individual lakes (Li and Moyle 1981) . Human introductions of other organisms have also occurred (e.g., zooplankton, Stemberger 1995; zebra mussels, Whittier et al. 1995) , but these have been less frequent and directed than for the fish.
Humans have also restructured lake biota of this region by introducing chemicals into lakes (Stemberger and Lazorchak 1994; Dixit et al. 1999) . However, multiple factors mediate a lake's susceptibility to this mode of anthropogenic influence (Carpenter and Cottingham 1997) . This is consistent with our PCA of the environmental data, which showed lake productivity to be more closely associated with lake depth than with land use despite paleoecological evidence indicating that anthropogenic lake eutrophication has occurred across much of the lowlands .
Much of the explained assemblage variation was shared among covarying LUIs and OTHERs, particularly for largerbodied assemblages (Fig. 2a) . Evaluation of LUIs or OTHERs alone may therefore lead one to overestimate effects attributable to either set of predictors (by some portion of the shared variation), potentially leading to erroneous conclusions about the mechanisms involved (Allan and Johnson 1997) . Even when both sets of predictors are analyzed, the shared variation presents challenges to interpretation (Table 2 ). For example, the shared variation may have increased with spatial extent for all five assemblages because anthropogenic effects on the biota occurred more regionally than locally (e.g., forest fragmentation effects on the avifauna, Allen and O'Connor 1999; effects of fish species introductions on the piscifauna, Whittier et al. 1997; Whittier and Kincaid 1999) . It may have also increased, however, because the nonanthropogenic factors integrated by humans and other organisms increased in similarity at broader extents as climate and geomorphology assumed greater importance.
Identifying that portion of the shared variation attributable to humans requires extending the analysis into the temporal dimension. Dixit et al. (1999) circumvented the problem of confounded anthropogenic and nonanthropogenic effects by using paleoecological diatom data to infer that the relatively high trophic status of lakes in southern New England was partly attributable to anthropogenic eutrophication. Where antecedent data are unavailable, the only recourse is to infer process from pattern based on ecological understanding. Anthropogenic and nonanthropogenic correlates of fish distributions were largely confounded regionally (Fig. 2a) . Despite this, Whittier et al. (1997) argued that regional minnow biodiversity losses have occurred in the Northeast as a result of game fish introductions because contemporary data are consistent with this mode of anthropogenic influence and because these effects have been documented in other lake districts (e.g., Chapleau et al. 1997) . Human-induced environmental change is also assessed by comparing sites assumed to have little or no overt human influence (i.e., reference sites) with other areas (Karr 1991) . Our results suggest that this approach should be applied with caution at the regional scale because "reference sites" of the Northeast differed from other areas with respect to broad-scale nonanthropogenic factors that presumably rendered them less suitable to intensive land uses, thereby confounding inferences regarding anthropogenic environmental change.
Assemblage concordance
Our results indicate that the larger-bodied assemblages were associated more closely with broad-scale factors than were the diatoms and zooplankton. The observed patterns of concordance therefore appear to reflect differences in the scales at which the larger-and smaller-bodied assemblages integrated the environment. They are not an artifact of the environmental variables analyzed because results were qualitatively similar whether analyses were undertaken using CCA or DCA. The similarity of the CCA and DCA results for the region as a whole indicates that the environmental variables included in the CCA models were sufficient to generate the observed patterns of concordance. It appears, therefore, that biological interactions among these assemblages need not be invoked to explain the patterns. This is not surprising given the broad extent of this study because the importance of biotic factors is thought to decrease with increases in spatial scale (Tonn 1990) .
The diatoms and zooplankton have less complex physiological, morphological, and behavioral adaptations than the fish and higher surface to volume ratios, rendering them more sensitive to the water chemistry and other local-scale details of the environment. The diatoms and zooplankton also respond more rapidly to environmental change than the fish because of their shorter life spans and greater powers of dispersal among lakes (Schindler 1987) . For example, Stemberger et al. (1996) showed that unusually cool temperatures in 1992 coincided with increases in zooplankton richness for small cladocerans and rotifers but not for large cladocerans and copepods. The temperature signal thus appeared to be of sufficient duration and magnitude to affect small zooplankton but not large zooplankton. This climatic event also had no significant effect on the richness of fish assemblages in the Northeast (A.P. Allen, unpublished data), as one would expect given that water temperatures were only 1-2°C below normal for a single year (Tonn 1990) .
Longer-term climatic variability, on the other hand, would be expected to have greater effect on the fish than on the smaller-bodied assemblages. Fish species will require longer periods of time than diatoms and zooplankton to recolonize isolated lakes after climatically driven events (e.g., low dissolved oxygen incursions) because of their relatively low dispersal capabilities and reproductive potential. We would thus expect the fish to show a closer correspondence to climatic patterns than the diatoms and zooplankton. The limited dispersal capabilities of the fish also makes them particularly sensitive to historical events such as glaciation (Jackson and Harvey 1989) and nonnative species introduction (Whittier et al. 1997) . Despite having extensive dispersal capabilities, the riparian birds integrated the environment at a scale similar to that of the fish. Many bird species are sensitive to forest composition and the size of contiguous forest tracts, both of which are functions of climate, geomorphology, and land use .
Local-scale factors will necessarily assume greater importance over smaller areas as the range of variation in climate and geomorphology is reduced (e.g., Lammert and Allan 1999) , thereby obscuring habitat scaling differences among assemblages. This explains why assemblage concordance showed a weaker relationship to body size for the two ecoregions as compared with the region as a whole. For example, the fish and diatoms showed no significant association in DCA1 site scores for the region as a whole but a significant relationship in the lowland ecoregion Fig. 3 ). This would occur if climatic factors were of far greater importance to fish than to diatoms regionally owing to the broader scale at which fish integrate the environment, and if factors related to lake depth were important to both assemblages locally.
Conclusions
We observed a high degree of broad-scale covariation among anthropogenic and nonanthropogenic variables affecting lake biota of the northeastern U.S.A., reflecting both human alterations of the environment and human responses to the environment. These results emphasize the importance of analyzing interrelationships among anthropogenic and nonanthropogenic variables as part of ecological studies at the regional scale. They also emphasize the importance of long-term environmental monitoring, paleoecological analysis, and other approaches that give explicit consideration to environmental change through time to disentangle broadscale anthropogenic and nonanthropogenic effects.
The observed patterns of concordance indicate that these assemblages responded to the environment at different scales. Moreover, concordance patterns were themselves scale dependent, resulting at least in part from scale dependencies in the environmental heterogeneity to which these assemblages responded. Differences in habitat scaling among assemblages showed a relationship with body size. Body size imposes fundamental constraints on physiological parameters affecting habitat scaling such as life span, metabolic rate, and reproductive potential (Peters 1983) , but for our assemblages, body size was confounded with vast differences in taxonomy. It thus appears that multiple factors, some of which are related to body size for the aquatic taxa (e.g., niche breadth, dispersal capability), determined the habitat scaling differences that we observed.
The covariation among anthropogenic and nonanthropogenic factors, the varied responses of assemblages to these factors, and the scale dependence of assemblage responses suggest two important implications for conservation. First, relationships that exist between land use and other factors may result in the systematic elimination of habitat for species that respond to the environment at scales similar to humans (e.g., migratory bird species occupying deciduous forests, Allen and O'Connor 1999; lentic minnows occupying low-elevation lakes, Whittier et al. 1997) . Second, monitoring a single assemblage, let alone a single species, may only be useful for detecting changes in particular aspects of the environment and only over a limited range of scales. Indicator taxa should therefore be chosen only after careful consideration of the types of changes one hopes to detect and the scales over which one hopes to do so.
